The theory of enhanced energy transfer within an aerosol particle based on donor coupling to morphological dependent resonances is tested for the first time to our knowledge. The correspondence between theory and experiment is good and allows one to obtain the photon lifetime within the longest-lived resonances. A comparison between this lifetime and the lifetime as obtained by Mie theory is discussed.
tional long-range energy transfer (Forster transfer). 1 It was hypothesized in that study that the enhanced transfer was the result of coupling of donor excitation to morphological resonances of the particle. More recently a number of detailed theories have evolved for explaining this effect that are based on the original hypothesis. Here we provide for the first time to our knowledge a verification of the recent theories. In addition, we show that the correspondence between experiment and theory enables one to determine the photon lifetime of the longest-lived resonances. This is a particularly useful method since other recent determinations of photon lifetime have been based on either the buildup 2 or the decay 3 of stimulated Raman scattering, for which there have been no corresponding theoretical calculations.
Folan et al. 1 have shown that energy transfer (between donor and acceptor molecules) within an aerosol particle (at dilute concentrations) may be enhanced by orders of magnitude over conventional long-range transfer (Forster transfer). Aside from the enhancement, the most distinct characteristic in these experiments was the independence of the transfer from acceptor concentrations of 4 X 10-5 to M, in contrast to the linear concentration dependence predicted for Forster transfer. A semiclassical model by Druger et al. 4 attributes the large increase in energy transfer to an enhancement in the donor-dipole-induced electromagnetic field within the particle at frequencies corresponding to morphological resonances of the particle. Transfer takes place as this field stimulates acceptor absorption. More recently Leung and Young 5 constructed a quantum-mechanical model in which the energy transfer may be considered a twostep process. In the first step the enhancement in the local density of photon states near a morphological resonance causes emission to take place preferentially into such a mode. In the second step the energy in this mode is absorbed by an acceptor molecule or a photon is radiated externally. Both models essentially give the same results; however, the quantum model provides a simple equation for describing the concentration dependence. Moreover, as we show below, the correspondence between the predicted and the measured concentration dependences enables one to determine the photon lifetime of the longest-lived resonant mode. In what follows we briefly describe the relevant theoretical results of Leung and Young, 5 compare this theory with experiment, extract the photon lifetime from this comparison, and attempt to compare this photon lifetime with that predicted from Mie theory.
The rate of transfer ('tr) as determined by Leung and Young 5 has a particularly simple form, (1) 
where D is the angular momentum degeneracy (i.e., D = 21 + 1) of the resonance, V is the particle volume, r is the molecular lifetime, n is the refractive index, wo is the frequency of the resonance, 0(coo) is the normalized intensity of the donor fluorescence spectrum evaluated at wo, oy is the photon loss rate of the resonant mode without acceptors, o-a is the cross section for acceptor absorption, and Pa is the volume density of the acceptors. Although the term in the brackets in Eq. (1) represents the rate at which energy is coupled into the particle at o, the term outside the brackets,
is the probability that this energy is absorbed by acceptors. Since only P is dependent on acceptor concentration, the energy-transfer efficiency versus the concentration is expected to fit this form. P has a simple physical interpretation. It should be noted that the overall energy-transfer rate at low concentrations [i.e., (c/n)paua << -y] is proportional to the photon lifetime, y-1 . Thus the overall rate of transfer is principally through the longest-lived modes in this region. One can think of the energy responsible for this transfer in terms of rays that skip along the interior of the particle. During this circulation the energy is lost by processes other than absorption by acceptor molecules. These loss processes at a rate y compete against the absorption rate by acceptors, (c/n) oapa, for the energy deposited into these long-lived modes. Thus the probability of transfer is the rate of absorption by acceptors divided by the sum of this rate and the intrinsic rate of energy loss. If absorption by acceptors dominates this competition, then all energy in these modes will be transferred, and consequently the probability P will be independent of acceptor concentration. At low concentrations, where intrinsic losses occur with a larger rate than absorption [i.e., (c/ n)Paoa << -y], one should find that the probability of transfer is proportional to acceptor concentration. It is in this previously inaccessible experimental region 1 where the photon lifetime -y1 of the longest-lived modes may be evaluated. The characteristic concentration at which the energy transfer falls by a factor of 2 from its plateau is Pa,1/2 = l/(ccla).
Experiments were carried out in a fashion similar to those described in Ref. 1, but using smaller acceptor concentrations.
A single glycerol particle -20 gm in diameter and containing the dyes of interest is injected into an electrodynamic levitator trap. 6 The particle is illuminated by radiation from a mercury arc with an intensity of less than 50 mW/cm 2 at a wavelength of 365 nm. The fluorescence within an [/3 aperture at a scattering angle of 90° is imaged onto the entrance slit of a monochromator and detected at the exit by an optical multichannel analyzer. The peak height ratio R of acceptor-to-donor luminescence is extracted from the data as a function of acceptor concentration. Two donor-acceptor systems were examined: Coumarin 1 and 9-Aminoacridine as donors and Rhodamine 6G as the acceptor. Donor-to-acceptor concentration ratios of 10:1 and 100:1 were used with the Coumarin 1/ Rhodamine 6G system, and concentration ratios of 50:1 and 500:1 were used for the 9-Aminoacridine/ Rhodamine 6G system. In all cases the ratio of acceptor-to-donor fluorescence was found to be independent of donor concentration. The dependence of the ratio on the acceptor concentration is shown in Fig. 1 , with predictions based on Forster transfer. Each point at a given concentration represents an average of five experiments on different particles. The error bar at 10-6 M represents a typical mean deviation. Note that the curves drawn through the data points in this figure are hand-drawn lines to show the general trend. Although the energy transfer is independent of concentration above M, a falloff in energy transfer is recorded in the 10-7 M acceptor region. It is apparent from the data that neither system is described by Forster transfer, although their concentration dependences are similar.
To compare the data in Fig. 1 with Eq. (2) the plateau in the transfer for each of the systems was normalized to 1 by multiplying a given set of data by an appropriate constant. In practice the constant was chosen for a given set of data by averaging the ratio data for all points above 2 X 10-6 M and dividing all points in the data by this average. Figure 2 shows the collective effect of this process. The curve through the data represents the best fit to Eq. (2). One can extract the photon lifetime from the characteristic concentration arrived at in Fig. 2 since the photon lifetime rp = -1 = n/(C.aPalI2). The average cross section for absorption within the overlap region Ua is arrived at from molar extinction measurements (on the acceptor, Rhodamine 6G) in this region and from the overlap function (the normalized product of the fluorescence spectrum of the donor and the absorption spectrum of the acceptor). Because the acceptor is the same in both energy-transfer systems, the average cross sections are found to have the same value, 0 a = 1.5 X 10-16 cm 2 . Using this value for Ca, an p 0.1
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[A] (moles/l iter) Fig. 2 . A fit of all data in Fig. 1 to the concentration dependence predicted by the Leung-Young model (solid curve) of energy transfer in an aerosol particle. Squares, 9-Aminoacridine/Rhodamine 6G system; triangles, Coumarin 1/Rhodamine 6G system. The only adjustable parameter, y, was found to be 7.7 X 108 sec'1. sec. This lifetime may be represented in terms of a quality factor Q = ar = 4.4 X 106. This number is as good as the experimental determination of the product CaPaj1/2, which we consider to have an uncertainty of less than ±50% in the present study. Although a Q of 4.4 X 106 is large it is not so large as the quality factor that would be predicted from Mie theory for the narrowest mode. For a glycerol particle taken to have a refractive index of 1.45 and a diameter of 20 Atm, the largest quality factor estimated from linewidth calculations using Mie theory is -1024. 7 This disparity in part can be understood when one realizes that all materials have some absorption. In glycerol in the region of overlap (530 nm) the material is transparent; however, even in ultrapurified material (referred to as gold label) there is intrinsic residual absorption. This is evidenced by our measurement of the decadic attenuation as shown in Fig. 3 . A slight Urbach extrapolation 8 reveals the decadic attenuation in the center of the overlap region (530 nm) to be 1.1 X 10-4 cm-'. This translates into an absorption cross section times density for glycerol, 0 rgpg, of 2.5 X 10-4 cm-'. This attenuation may be incorporated into Mie theory by introducing an imaginary part into the refractive index. However, it is easy to estimate the effect that the attenuation has on Q. Simply put such an attenuation represents an energy loss rate yg -(c/ n)agpg = 5.1 X 106 sec-'. This rate is orders of magnitude larger than that estimated from the linewidths calculated (excluding absorption) in Ref. 7 . Thus the intrinsic Q from Mie theory is loaded and is approximately wbyg = 7 X 108. Aside from this absorption loss there is Rayleigh scattering from density fluctuations as well as Raman scattering from glycerol. However, each of these processes has a decadic attenuation that is considerably smaller than 10-4 cm-'. Thus no energy loss process within the context of Mie theory can account for a Q as small as our measured value of 4.4 X 106.
Zhang et al. 3 have written that the Q values estimated from the decay in stimulated Raman scattering are limited by nonlinear loss. This may be expected at the relatively large intensities used in their experiments; however, at the intensities for which our experiments are performed there is only one excited molecule in the particle at a time, and consequently nonlinear losses are negligible.
We believe that photon lifetimes are so long in the aerosol particle that to account properly for the measured Q values one must include intrinsic surface roughness in the analysis. No appropriate theory is currently available, but the importance of such a theory is highlighted when one considers recent x-ray scattering results that reveal a 0.32-nm rms roughness on a vibrationally isolated water surface at room temperature. 9 In summary, we have shown that the Leung-Young model of energy transfer in an aerosol particle is in good agreement with our experiments and enables us to estimate the photon lifetime of the longest-lived morphological resonances at extremely low intensities. The prefactor in Eq. (1) describing the rate at which energy is coupled into the particle merits further study. Experiments to measure this rate quantitatively by using an integrating sphere levitator 10 -12 are currently under way.
